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Objective: This study explores whether the al blocker prazosin improves capillarisation, blood flow and muscle performance 
in chronically ischaemic muscles. 
Design: Rat skeletal muscles were made ischaemic by unilateral igation of the common iliac artery. The animals received 
prazosin and muscle blood flow, performance and capillary supply were studied 2 or 5 weeks later. 
Materials and methods: Prazosin (50 mgfl) was given in drinking water to animals with limited or intact blood supply. 
Muscle isometric twitch tension and fatigue index and blood flow at rest and during contractions (estimated by radio 
labelled microspheres) were measured in tibialis anterior, TA, and extensor digitorum longus, EDL. Capillary supply 
(capillary/dibre ratio, C/F) was estimated in frozen muscle sections stained for alkaline phosphatase in TA, EDL and 
soleus, S. 
Results: Prazosin increased significantly capillary supply in ischaemic muscles after 2 and 5 weeks and blood flow during 
contractions (control muscles 163 ÷_ 6 mI. 100 g-i rain-l; ligated 2 weeks 25 + 7, ligated ÷ prazosin 116 + 38; ligated 5 
weeks 27+7, + prazosin 137±29, p<0.05 vs. ligated). Fatigue index (final~peak tension over 5 min contractions at 
4Hz in %) was signiflcantly improved by prazosin after 2 weeks (FI=69±3% controls, 35+4% ligation, 60±3% 
ligation + prazosin) and less after 5 weeks (52 ± 12% ligation, 61 4-3% ligation + prazosin). In contrast, prazosin had no 
effect on muscle performance in normal muscles in spite of it increased C/F and blood flow. 
Conclusions: Alphal adrenoceptor blockade is an effective way for improvement of capillar~ d supply, blood flow and 
muscle performance in ischaemic muscles; the effect on muscle performance is most pronounced 2 weeks after induction 
of ischaemia. 
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Introduction 
Numerous attempts to improve chronic muscle isch- 
aemia and performance by pharmacological means 
either in man or in animals have met with a limited 
success 14 Prazosin, an alpha1 adrenoceptor antagonist, 
is used as an anti-hypertensive agent. 5The lowering 
of blood pressure is due to peripheral vasodilatation 6 
secondary to inhibition of sympathetic vasoconstrictor 
tone, an effect which has been demonstrated in skeletal 
muscle circulation in man. 7 Since repeated ad- 
ministration maintained low blood pressure pre- 
sumably due to peripheral dilatation 8 we used it to 
stimulate capillary growth in skeletal muscles 9.
* Please address all correspondence to: O. Hudlick~, Department of 
Physiology, University of Birmingham Medical School, Birmingham 
B15 2TT, U.K. 
All experiments were performed on male Sprague- 
Dawley rats with a body weight 400-450 g at the time 
of the final experiment. A group ,of animals without 
any treatment served as controls. Two groups of an- 
imals received prazosin (50 mg/1) in drinking water 
for 2 or 5 weeks, one without any surgical intervention, 
The purpose of this study was to establish whether 
capillary growth can also be induced by prazosin in 
chronically ischaemic muscles, and if so, to what extent 
this is reflected in improved muscle blood flow and 
performance. Although prazosin showed a protective 
effect on heart during reperfusion it was very short 
lasting 1° and no data is available in ischaemic skeletal 
muscles. 
Methods 
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the other one with hind limb muscles made ischaemic 
by unilateral ligation O f the common iliac artery. There 
were 5-8 animals in each group. Another two groups 
of animals had iliac artery ligated and were examined 
2 or 5 weeks later without any treatment. 
Surgical procedures 
Ligation of the iliac artery was performed in ac- 
cordance with the guidance in the Scientific Procedures 
Act 1986 published by HMSO, London. The peritoneal 
cavity was opened by a midline incision, the intestines 
were wrapped in gauze soaked in warm saline and 
shifted sideways and a silk ligature passed under one 
(usually right) common iliac artery about I mm below 
the bifurcation of the aorta was firmly tied. The in- 
testines were then repositioned and the abdominal 
wall was closed. The animals recovered very quickly 
without any signs of discomfort and were able to walk 
within 2 weeks after the operation. 
Measurement ofmuscle blood flow and performance 
Muscle blood flow at rest and during contractions 
and muscle tension were measured in all animals 
anaesthetised by sodium pentobarbitone (50 mg/kg 
ip). Jugular vein was cannulated for further sup- 
plementation of anaesthetic as required and for in- 
jection of 1% bovine serum albumin in saline to replace 
the volume of blood lost by withdrawal. The trachea 
was cannulated and the animals were allowed to 
breath spontaneously. Both brachial arteries were can- 
nulated, one to record blood pressure using a pressure 
transducer (Bell and Howell, Wembley, U.K.), the other 
for withdrawal of blood at a rate 0.5 ml min -1 using a 
precision infusion/withdrawal pump (Braun, Mel- 
sungen, Germany) for measurement of blood flow 
with radioactive microspheres. Another cannula in- 
serted into the right carotid artery was advanced 
towards the left ventricle for microspheres injection. 
Blood flow was measured at rest and at the end of 
5 min of isometric muscle contractions using 15 gm 
microspheres (Du Pont NEN, Mechelen, Belgium) 
labelled with 46Sc, 113Sn or 257Co as described in detail 
previously. 11
Muscle performance was assessed by recording the 
twitch tension over a period of 5 min isometric on- 
tractions at 4 Hz. The upper part of the hind-limbs 
was fixed, the feet were clamped and in each leg the 
tendons of tibialis anterior (TA) and extensor digit- 
orum longus (EDL) muscles were attached together to 
a strain gauge (dynamometer UF1, 16 oz) to record 
their combined tension. This was done to permit com- 
parison with blood flow data that were also obtained 
from combined muscles to achieve a greater accuracy 
of blood flow measurement. Muscle tension as well 
as blood pressure were displayed on a six-channel 
recorder (Lectromed, Letchworth Garden City, U.K.) 
and captured on a computer (Royal 80486) via an 
PC-LMP-16 (National Instruments, Newbury, U.K.) 
analogue to digital converter board. Single twitch con- 
tractions were repeated while the length of the muscle 
was adjusted using screw thread micro-manipulator 
until maximum twitch tension was obtained. Indirect 
stimulation was applied (0.3 msec pulse width, supra- 
maximal voltage, usually 5-6 V) with bipolar silver 
electrodes placed on the distal end of the cut peroneal 
nerve. Both right and left peroneal nerves were stimu- 
lated simultaneously, and muscle endurance capacity 
(fatigue index, FI) was evaluated as final/peak twitch 
tension x 100. Peak tension, usually attained at 30 s 
after the beginning of contractions was used rather 
than initial tension, as this permits better comparison 
among groups since the tension gradually increases 
during the first few s of stimulation (staircase ffect). 
The animals were killed by an overdose of 
anaesthetic atthe end of the experiment and samples 
were taken for estimation of radioactivity to calculate 
blood flow and for histology to assess capillary supply. 
Slices from the upper one third of TA, from the mid 
belly of EDL and soleus (S) were frozen in isopenthane 
cooled in liquid nitrogen for subsequent histological 
processing. The rest of TA and EDL was combined for 
each leg and taken for measurement of isotope activity. 
Specific activity was converted to absolute flows by 
comparison with the activity of the reference blood 
sample after corrections for background and cross- 
over activity. Samples from both kidneys were taken 
to assess proper arterial mixing and activity in lungs 
was measured to estimate possible shunting. The 
results on muscle blood flow are included only from 
animals where blood flow in the right and left kidney 
did not differ by more than 10% and where the pro- 
portion of the total injected activity in the lungs did 
not exceed 5%. By these criteria experiments were 
successful in 95% of cases. Vascular conductance was 
calculated as blood flow min 1. 100 g-1. mmHg-1. 
Histology 
Twelve ~tm cryostat sections of TA, EDL and S were 
stained for alkaline phosphatase (using indoxyl-tetra- 
zolium), 12 to demonstrate all anatomically present ca- 
pillaries. Capillary supply was evaluated as capillary/ 
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Fig. 1. Mean blood pressure (BP), resting blood flow in skeletal muscles and kidneys in control muscles (0), and -those treated for 2 weeks 
and 5 weeks with prazosin. Values marked by * significantly different from controls. ([]) Control; (11) 2-week; ([]) 5-week. (*) p<0.05 vs. 
control. 
f ibre rat io (C /F )  on the basis of count ing  musc le  f ibres 
and  capi l lar ies in two f ields (each about  0.210 mm 2) in 
EDL and  S. In TA, capi l lary  supp ly  was  eva luated  
separate ly  in the superf ic ia l  g lycolyt ic  par t  and  in the 
ox idat ive  core tak ing aga in  two f ields f rom each area. 
Statistical evaluation 
Al l  results  are g iven as means  + S.~.M. ANOVA factor 
analys is  w i th  post  hoc inter g roup  compar i sons  by  
Scheffe's PLSD test was  used  to determine  statist ical 
s ignif icance (taken to be p<0.05). 
Table 1. Vascular conductance in tibialis anterior and extensor 
digitorum longus muscles in ml lOOg l min - ImmHg 110 2. 
Means ±S.E.M. n=number  of animals in each group. 
Rest Contraction 
Controls n = 10 5.4 _ 0.8 146.1 _+ 12.2 
P2wk n = 6 11.7_ 1.6" 177.8 + 10.4 
P5wk n =12 6.6___0.9 136.7+16.6 
L2wk n = 7 1.5 _ 0.3* 17.1 + 4.2* 
L5wk n = 7 3.8 _ 1.1 21.4 + 5.4* 
PL2wk n = 6 5.9 _ 1.1 86.1 -t- 26.8 
PL5wk n = 7 5.8 ± 0.8 112.6 + 14.5 
P2wk = animals treated with prazosin for 2 weeks; P5wk = animals 
treated with prazosin for 5 weeks; L2wk= animals 2 weeks after 
unilateral ligation of the common iliac artery; L5wk= animals 5 
weeks after unilateral ligation of the common iliac artery; PL2wk = 
animals with unilateral common artery ligation and prazosin treat- 
ment for 2 weeks, PL5wk after 5 weeks. *denotes values ignificantly 
different from controls (p<0.05), 
Results 
Blood pressure, skeletal muscle and kidney blood flow 
Rest ing b lood  f low was  measured  in lower  h ind  l imb 
f lexors (tibial is anter ior  and extensor  d ig i to rum 
longus)  and  in a phys io log ica l  extensor,  soleus. Two 
weeks  of p razos in  t reatment  produced a signif icant 
increase in both  musc le  groups  w i th  on ly  a moderate  
further  increase in an imals  t reated for 5 weeks  (Fig. 
1). K idney  b lood  f low was  also increased w i th  a sig- 
n i f icant ly h igher  va lues  in an imals  t reated for 5 weeks.  
Due to the d i la tat ion in skeletal  musc les  and k idneys ,  
resul t ing f rom the b lock of alpha1 receptors,  mean 
systemic b lood  pressure  was  s l ight ly  lower  in the 
anaesthet ised an imals  t reated for 2 weeks,  and sig- 
n i f icant ly lower  after 5 weeks.  
Blood flow, vascular conductance and fatigability in 
contracting muscles 
Vascular conductance at rest was  lower  in musc les  2 
weeks  after l igat ion of the il iac artery, but  re turned  to 
contro l  va lues  in musc les  ischaemic for 5 weeks  (Table 
1). However ,  l imitat ion of b lood  supp ly  resu l ted in 
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Fig. 2. (A) Blood flow in contracting control (0), prazosin treated, ischaemic and ischaemic prazosin treated muscles 2 and 5 weeks after 
ligation of the iliac artery. Values marked by * significantly different from control, -t- significantly different from ligated. (B) Fatigue index 
(final/peak tension x 100 in %) in EDL and TA muscles in control (0), 2 and 5 weeks treated with prazosin, ischaemic and ischaemic 
prazosin treated animals. Values marked by * significantly different from controls, ÷ significantly different from ischaemic. (m) Control; 
(D) prazosin; ([]) ligation; ([]) ligation and prazosin. (*) p<0.05 vs. control; (+) p<0.05 vs. ligated. 
only a very small increase in blood flow and con- 
ductance during muscle contractions compared with 
control muscles where flow increased about ten times 
(Fig. 2). Thus blood flow and vascular conductance 
were significantly lower in contracting muscles 2 and 
5 weeks after ligation (Fig. 2a and Table 1). Prazosin 
treatment dramatically increased blood flow and con- 
ductance. Values in muscles ischaemic for 5 weeks 
were approaching control values. Conductance was 
also higher in muscles in prazosin treated animals 
with intact blood supply (Table 1). 
Peak isometric muscle twitch tension was 244 g/g 
of muscle (combined TA and EDL) in control muscles, 
and similar in muscles with limited blood supply. 
Prazosin treatment had very little effect on peak ten- 
sion. In control muscles, the tension decreased by 30% 
at the end of 5 min contractions, and fatigue index 
was 69 + 3%. Muscles fatigued considerably more 2 
weeks after ligation but by 5 weeks the fatigue index, 
albeit still lower, was not significantly different from 
control muscles. Prazosin treatment improved the re- 
sistance to fatigue bringing the fatigue index towards 
control values (Fig. 2b). However, administration of 
prazosin did not alter muscle performance in muscles 
with intact blood supply (F1 73 +_3% in muscles of 
animals treated for 2 and 61 _+4% for 5 weeks (Fig. 
2b), although it increased blood flow in contracting 
muscles (Fig. 2a). 
Capillary supply 
Capillary supply, estimated as capillary/fibre ratio, a 
parameter less dependent on fibre size than capillary 
density, was estimated in the Oxidative (central) part 
and glycolytic (peripheral) part of TA, in mixed EDL 
and in oxidative S muscle. Prazosin treatment did not 
alter capillary supply in the glycolytic part of TA. 
In a mixed EDL and in oxidative muscles C/F was 
significantly higher after 2 and 5 weeks, and the effect 
was similar in muscles with limited and intact blood 
supply (Figs 3a and 3b). 
Discussion 
Our previous results have shown that prazosin treat- 
ment of normal animals for 59 or 7 weeks 13 increased 
capillary supply implying that prazosin may stimulate 
growth of capillaries. Direct evidence of capillary 
growth was recently provided by ultra structural stud- 
ies of capillaries in muscles of animals treated with 
prazosin for i and 2 weeks} 4 This increase in capillary 
supply was greater than with other dilators 1~ showing 
that chronic administration of vasodilators stimulates 
capillary growth in normal muscles. This study dem- 
onstrates that prazosin stimulates capillary growth 
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Fig. 3. (A) Capillary/fibre ratio (ordinate) innormal muscles without and with prazosin treatment. TA cortex = glycolytic part of TA, TA 
core = oxidative part of TA. * indicates values ignificantly different from controls (p<0.05) control muscles 2weeks 5 weeks of prazosin 
treatment. (B) Capillary/fibre ratio (ordinate) incontrol and ischaemic prazosin treated muscles. ([]) Control; ([]) 2 weeks prazosin; (11) 
5 weeks prazosin. (*) p<0.05 vs. control. 
also in muscles with limited blood supply, a fact which 
has not been so far shown with any dilator. Prazosin 
also improved blood flow at rest and particularly 
during contractions and it increased the resistance 
towards fatigue. Particularly important is the finding 
that the latter effect was seen in ischaemic but not in 
normal muscles. 
attenuated by muscle contractions ~8so additional block 
of these receptors by prazosin would not cause any 
substantial further acute increases in muscle blood 
flow or conductance. 
Capillary supply, blood flow, and muscle performance 
Effectiveness of alpha1 blockade 
The dose of prazosin used in this study was ap- 
proximately 4.5 mg/kg  per day based on the amount 
the animals drank (30-40 ml daily), bioavailability and 
the changes in blood flow and blood pressure during 
3 h intravenous infusion which would result in plasma 
delivery of 37 ~tg per h 13 and concentration of ap- 
proximately 100ngm1-1, well above the level in 
humans (36 ng m1-1) treated with prazosin for hyper- 
tension 16'17 demonstrated inhibition of vasoconstrictor 
responses in rat by 10 ~g per kg i.v., and although no 
direct examination of the degree of alpha-adrenoceptor 
blockade was made in the present study, the changes 
in blood flow and blood pressure after prazosin ad- 
ministration demonstrated in Fig. 1 indicate that re- 
ceptor blockade was achieved. Although the mean 
blood pressure after 2 weeks administration was only 
marginally decreased, blood flow and conductance in
resting muscles was increased. Five weeks treatment 
caused a marginal further increase in blood flow in 
physiological flexors, a significant increase in kidney 
flow and as a result of these changes, decreased blood 
pressure. 
Conductance in contracting muscles in non-isch- 
aemic limbs was slightly but not significantly higher 
than in controls. However, vasoconstriction of ar- 
terioles mediated by alpha~ receptors is selectively 
Prazosin treatment significantly increased capillary 
supply in muscles with normal as well as those with 
limited blood supply with a greater increase in muscles 
or parts of muscles which already have high capillary 
density. We have previously shown that muscle isch- 
aemia induced by the ligation of the iliac artery did 
not diminish capillarisation after 2 I9 o r  5 2o weeks. The 
increase in C /F  caused by prazosin in the present 
experiments i  in agreement with the assumption that 
capillary growth is stimulated by increased shear stress 
which is a very potent stimulus for endothelial cell 
proliferation. 21Long-term administration of prazosin 
caused increased shear stress in capillaries in normal 
muscles. 22 Prazosin treatment resulted in a slightly 
higher velocity of red blood cells also in ischaemic 
muscles (Dawson and Hudlick~, unpublished results); 
since capillary diameters were slightly smaller than in 
control muscles it is thus likely that shear stress was 
also higher. 
The very low blood flow and conductance in isch- 
aemic muscles lightly improved with time indicating 
spontaneous development of collateral circulation and 
this, together with increased capillary supply, can 
explain the fact that fatigue index was not significantly 
different from control muscles 5 weeks after ligation. 
However, collateral circulation did not provide enough 
blood during muscle contractions with resulting in- 
creased fatigability after 2 weeks. The fact that peak 
tension was not impaired after 2 weeks of ischaemia 
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is surprising and might be possibly explained by a 
higher level of glycogen reported in rat EDL 6 days 
after ligation of the iliac artery by Elander et a[. 23 as 
well as by the fact that glycogen could provide enough 
energy for the first 30 s of muscle contractions. 
Prazosin treatment resulted in four times higher 
blood flow in contracting ischaemic muscles after 2 
weeks and five times after 5 weeks when compared 
to untreated animals with iliac artery ligation. This 
increase was considerably greater than that which 
would be expected simply on the basis of increased 
capillary supply. This paradox might be explained 
either by a greater blocking effect on alphal receptors 
in ischaemic muscles, or by enlargement of collateral 
circulation. The first hypothesis is supported by the 
finding that arterioles in ischaemic muscles do not 
dilate during muscle contractions I9 possibly due to 
the fact that metabolic dilators do not overcome the 
sympathetic tone normally occurring in contracting 
muscle. 24 Shepherd and Vanhoutte 25 reported aug- 
mented vasoconstriction i  coronary arteries during 
hypoxia. If this finding can be extrapolated to isch- 
aemic skeletal muscles, the greater effect of prazosin 
in ischaemic than in control muscles both on muscle 
blood flow and capillary supply can be explained. 
There is no direct evidence that prazosin can pref- 
erentially dilate collateral vessels. However it is known 
that sympatholytic manoeuvres can dilate collateral 
vessels increasing blood flow to an ischaemic limb at 
rest and on exercise in many 
In contrast o ischaemic muscles, prazosin induced 
higher capillary supply and blood flow but did not 
increase resistance towards fatigue in muscles with 
intact blood supply. This is in agreement with pre- 
viously published data on the relationship between 
blood flow and muscle performance. There was no 
change in muscle tension or fatigue index in muscles 
with a very much increased capillary supply in rabbits 
treated for 3-5 weeks with skeletal muscles dilators 
adenosine or xanthine derivative. 12 Acute ad- 
ministration of vasodilating drugs even caused a de- 
pression of muscle contraction. 27Sjogaard 2s suggested 
that high blood flow during muscle contractions would 
lead to a greater velocity of capillary flow, shortening 
of the transit ime and thus the time for oxygen delivery 
and removal of waste products which would even- 
tually result in decreased muscle tension. Prazosin 
treatment for 5 weeks resulted indeed in an increased 
capillary red blood cell velocity 9 and decreased ca- 
pillary transit ime, but the increase in capillary supply 
compensated for this effect in individual capillaries 
and the muscle tension was thus not diminished. 
In conclusion, the dramatic effect of long-term ad- 
ministration of prazosin resulting in increased blood 
flow and vascular conductance in ischaemic skeletal 
muscle could be due to a combination of increased 
capillary supply, decreased arteriolar tone and in- 
creased collateral f ow. The treatment had a remarkable 
effect on muscle performance, normalising fatigue 
index in 2 weeks ischaemic muscles. It is unlikely that 
prazosin improved performance by a direct effect on 
muscle metabolism as it does not alter the proportion 
of glycolytic and oxidative fibres. 29 The results are 
consistent with the observations ofHussain (1990) and 
that there is a tight correlation between muscle fatigue 
and flow when the latter is lower than 20ml 
100 g-1 rain 1, a value found in many of the ischaemic 
muscles. Vasodilators are usually deleterious in isch- 
aemic muscle disease as they may cause steal phe- 
nomena when multiple stenoses are present or when 
systemic pressure falls. The present results suggest 
that vasodilation induced by blockade of alpha1 re- 
ceptors can have a beneficial effect on muscle per- 
formance by a combination of improved blood flow 
and capillary supply in a model of muscle ischaemia 
resembling more intermittent claudication than critical 
limb ischaemia. 
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